Humans with ALS and transgenic rodents expressing ALS-associated superoxide dismutase (SOD1) mutations develop spontaneous blood-spinal cord barrier (BSCB) breakdown, causing microvascular spinal-cord lesions. The role of BSCB breakdown in ALS disease pathogenesis in humans and mice remains, however, unclear, although chronic blood-brain barrier opening has been shown to facilitate accumulation of toxic blood-derived products in the central nervous system, resulting in secondary neurodegenerative changes. By repairing the BSCB and/or removing the BSCB-derived injurious stimuli, we now identify that accumulation of bloodderived neurotoxic hemoglobin and iron in the spinal cord leads to early motor-neuron degeneration in SOD1 G93A mice at least in part through iron-dependent oxidant stress. Using spontaneous or warfarin-accelerated microvascular lesions, motor-neuron dysfunction and injury were found to be proportional to the degree of BSCB disruption at early disease stages in SOD1 G93A mice. Early treatment with an activated protein C analog restored BSCB integrity that developed from spontaneous or warfarin-accelerated microvascular lesions in SOD1 G93A mice and eliminated neurotoxic hemoglobin and iron deposits. Restoration of BSCB integrity delayed onset of motor-neuron impairment and degeneration. Early chelation of blood-derived iron and antioxidant treatment mitigated early motor-neuronal injury. Our data suggest that BSCB breakdown contributes to early motor-neuron degeneration in ALS mice and that restoring BSCB integrity during an early disease phase retards the disease process.
Humans with ALS and transgenic rodents expressing ALS-associated superoxide dismutase (SOD1) mutations develop spontaneous blood-spinal cord barrier (BSCB) breakdown, causing microvascular spinal-cord lesions. The role of BSCB breakdown in ALS disease pathogenesis in humans and mice remains, however, unclear, although chronic blood-brain barrier opening has been shown to facilitate accumulation of toxic blood-derived products in the central nervous system, resulting in secondary neurodegenerative changes. By repairing the BSCB and/or removing the BSCB-derived injurious stimuli, we now identify that accumulation of bloodderived neurotoxic hemoglobin and iron in the spinal cord leads to early motor-neuron degeneration in SOD1 G93A mice at least in part through iron-dependent oxidant stress. Using spontaneous or warfarin-accelerated microvascular lesions, motor-neuron dysfunction and injury were found to be proportional to the degree of BSCB disruption at early disease stages in SOD1 G93A mice. Early treatment with an activated protein C analog restored BSCB integrity that developed from spontaneous or warfarin-accelerated microvascular lesions in SOD1 G93A mice and eliminated neurotoxic hemoglobin and iron deposits. Restoration of BSCB integrity delayed onset of motor-neuron impairment and degeneration. Early chelation of blood-derived iron and antioxidant treatment mitigated early motor-neuronal injury. Our data suggest that BSCB breakdown contributes to early motor-neuron degeneration in ALS mice and that restoring BSCB integrity during an early disease phase retards the disease process.
amyotrophic lateral sclerosis | neurodegeneration T he blood-brain barrier (BBB) and blood-spinal cord barrier (BSCB) prevent entry of toxic circulating molecules and cells into the central nervous system (CNS) (1) . Amyotrophic lateral sclerosis (ALS) is the most prominent adult motor-neuron disorder resulting in progressive motor-neuron loss in the spinal cord, brainstem, and motor cortex (2) . Most ALS cases are sporadic (90%) whereas 10% are familial ALS. Over twenty independent studies in postmortem human tissue and cerebrospinal fluid (CSF) sampling from living ALS patients have established that the BBB and BSCB are damaged in familial and sporadic ALS, as reviewed elsewhere (1, 3) . This BBB and BSCB disruption has been shown by spinal-cord and/or motor-cortex accumulation of different plasma proteins (e.g., IgG, fibrin, thrombin), erythrocytes, erythrocyte-derived hemoglobin and iron-containing hemosiderin, elevated CSF/serum albumin ratios, and diminished expression or degradation of the BSCB tight-junction proteins (1, (3) (4) (5) . Deposition of hemoglobin-derived iron within the CNS has also been shown in ALS patients (3, 6, 7) . Because human postmortem studies reflect, however, end-stage disease, it has remained unclear as to which stage of disease is enhanced by BSCB disruption. Longitudinal CSF or BSCB imaging studies have yet to be performed in living ALS patients (3) to clarify whether spinal-cord vascular dysfunction contributes to early-or late-stage disease.
Transgenic rodents expressing human ALS-associated Cu/Zn superoxide dismutase (SOD1) mutations that represent 20% of all familial cases also develop a spontaneous BBB/BSCB disruption (8-12) similar to vascular pathology reported in humans (1, (3) (4) (5) (6) (7) . Mice with a chronic BBB disruption due to aberrant signal transduction between the central nervous system endothelial cells and pericytes or astrocytes and pericytes develop a chronic BBB opening accompanied by accumulation of toxic blood-derived products in the central nervous system and secondary functional and structural neuronal changes (13) (14) (15) .
To determine whether BSCB disruption contributes to fatal paralytic disease caused by expression of an ALS-causing mutant, we now report how perturbing the BSCB, repairing the BSCB, and/or removing the BSCB-derived injurious stimuli influence development of disease in SOD1 G93A mice that develop a spontaneous BSCB breakdown (8, 9, 12) .
Results and Discussion
Microvascular Lesions Contribute to Early Motor-Neuron Impairment and Degeneration. To further perturb the BSCB in SOD1 G93A mice, we used a low dose of warfarin, an anticoagulant (16) . Although treatment with a high dose of warfarin produces massive
Significance
The blood-spinal cord barrier (BSCB) is damaged in human ALS and rodents expressing ALS-associated superoxide dismutase mutations. The role of BSCB breakdown in disease pathogenesis remains, however, unclear. Early motor-neuron dysfunction and injury are now shown to be proportional to the degree of BSCB disruption, and early protection of the BSCB integrity with an activated protein C analog is found to delay onset of motor-neuron impairment and degeneration. Altogether, these findings in mice show that BSCB breakdown plays a role in early-stage disease pathogenesis and that restoring BSCB integrity retards the disease process. These findings are relevant to the corresponding disease mechanism in human ALS in which ALS-associated vascular pathology is associated. Pearson's correlation. In B-E, mean ± SEM, n = 3-5 mice per group. *P < 0.05; NS, nonsignificant. In B-E, APC, DFX, and GSHE treatments were compared with the respective saline or warfarin treatments as indicated by broken lines.
cerebral hemorrhage and lethality in rodent models as the result of hemorrhagic stroke and brain injury (17) (18) (19) , low-dose warfarin (0.3, 0.4, and 0.6 mg/kg daily) from day 35-95 postnatal provided a stable, chronic low level of anticoagulation activity in SOD1 G93A mice accompanied by an increase of the mean international normalized ratio (INR) values of 1.3, 2.0, and 2.9, respectively ( Fig. S1 A and B) . Low-dose warfarin did not alter hematocrit, indicating no systemic bleeding (Fig. S1C) . Anticoagulated SOD1 G93A mice, but not anticoagulated nontransgenic littermates or SOD1
WT mice with an intact BSCB (9), developed an increased number of microvascular lesions compared with saline-treated SOD1 G93A mice, as indicated by dosedependent spinal-cord accumulation of blood-derived IgG, hemoglobin, hemosiderin, free iron, and erythrocytes (Fig. 1 A-G) . Most (∼85%) of microvascular lesions determined by hemosiderin deposits (20-50 μm in diameter) were associated with spinalcord capillaries (≤6 μm in diameter) compared with noncapillary microvessels (6-40 μm in diameter) both in saline-treated and warfarin-treated SOD1 G93A mice (Fig. 1H) . A positive correlation between the number of hemosiderin deposits and INR values in individual SOD1 G93A mice (Fig. 1I ) indicated that the microvascular damage is proportional to the degree of warfarin anticoagulation.
Warfarin was not toxic to cultured CNS endothelial cells ( (Table S1 ). Thus, increased microvascular lesions induced by warfarin treatment in SOD1 G93A mice arise from its anticoagulant activity, not via direct actions on endothelium.
Microvascular lesions in SOD1 G93A mice contain bloodderived hemoglobin that releases free iron, which can catalyze formation of neurotoxic free radical species, as previously shown in in vitro models of motor-neuronal cell injury (20) and more recently in N2a-SOD1 G85R neural cell injury (11) . Consistent with spinal-cord accumulation of neurotoxic blood-derived products (Fig. 1 A- 
G93A mice treated with warfarin (0.3, 0.4, and 0.6 mg/kg daily) beginning ∼70 d before our measure of typical disease onset developed a dose-dependent acceleration in disease onset [determined by rotarod by 11, 18, and 26 d compared with saline-treated SOD1 G93A mice, respectively ( Fig. 2 A  and B) ]. In individual SOD1 G93A mice, onset of motor impairment was directly proportional to the number of perivascular hemosiderin deposits (Fig. 2C) . Correspondingly, presymptomatic warfarin treatment shortened lifespan of SOD1 G93A mice ( Fig.  S3 A and B) in a dose-dependent manner. Disease duration (Fig.  S3C) was not significantly affected, consistent with previous studies that have demonstrated disease progression to be driven by mutant SOD1 synthesis within inflammatory microglia and astrocytes (21) (22) (23) (24) (25) (26) . Although, mutant SOD1 transgenic rats develop BBB and BSCB breakdown (10), the contribution of BBB damage to neurological disease in SOD1 transgenic rodents is presently unknown, as well as whether SOD1 G93A mice develop or not a generalized or regional BBB breakdown (in the motor cortex) that might contribute to the observed accelerated disease phenotype.
Compared with saline-treated SOD1 G93A mice, warfarin-treated SOD1 G93A mice showed dose-dependent loss of choline acetyltransferase (ChAT)-positive motor neurons (27) (Fig. 3 A and B), loss of neuritic density ( Fig. 3 C and D) , and an increase in ubiquitin-positive aggregates (28) (Fig. 3 E and F) . In individual SOD1 G93A mice with spontaneous or accelerated vascular lesions, markers of motor-neuronal degeneration strongly correlated with the magnitude of vascular damage determined by the number of hemosiderin deposits (Fig. 3 D and G) .
Warfarin did not exert direct neuronal toxic effects. For example, warfarin did not affect motor function in nontransgenic controls with an intact BSCB ( Fig. 2A) , was not toxic to primary cultured neurons from SOD1 G93A mice (Fig. S4 A-C) , did not cause neuronal degeneration in vivo in nontransgenic littermates with an intact BSCB (Fig. 3 D-F) , and did not interfere with the vitamin K-dependent synthetic pathway (29) as shown by normal levels of sphingolipids or Gas6 in spinal cord (Fig. S4 G and H). Warfarin treatment was also not associated with proinflammatory responses (Fig. S5 ). Blood glucose, liver, and renal function tests showed no difference in SOD1 G93A mice treated with saline compared with warfarin ( Fig. S6 A-F) , suggesting that warfarin did not lead to generalized tissue dysfunction. SOD1 G93A mice with spontaneous and/or accelerated vascular damage showed increased oxidant stress (Fig. 4A ) that correlated with increased levels of free iron in the spinal cord (Fig. 4B) , increased oxidation of human SOD1, and the appearance of higher molecular weight insoluble toxic SOD1 oxidized species ( Fig. 4 C-E) . SOD1 oxidation can promote its misfolding, aggregation, and toxicity, which-according to some studies-may be common to sporadic ALS and familial ALS caused by SOD1 mutations (30) (31) (32) (33) (34) . Double staining for ChAT and 3-nitrotyrosine, an oxidative stress cellular marker, confirmed early motor-neuron oxidant stress in SOD1 G93A mice with a spontaneous BSCB breakdown and a further, dose-dependent increase in the number of motor neurons under oxidant stress in SOD1 G93A mice with warfarin-accelerated vascular damage (Fig.  4 F and G) .
BSCB Repair Delays Onset of Motor-Neuron Impairment and Degeneration. To determine whether BSCB repair can delay onset of motor-neuron injury in SOD1 G93A mice, we used an activated protein C (APC) mutant, 5A-APC, that retains cellsignaling properties but lacks >90% of the anticoagulant activity (35) . 5A-APC protects the integrity of CNS endothelial barriers in different models of acute and chronic CNS injury (36) . APC cell signaling activates Rac1-dependent stabilization of the cytoskeleton, thereby enhancing the endothelial barrier integrity (37) . 5A-APC treatment (100 μg/kg daily) beginning early at postnatal day 35 completely normalized the BSCB integrity in SOD1 G93A mice with either spontaneous or warfarin-accelerated microvascular lesions as indicated by elimination of IgG, hemoglobin, hemosiderin, and free iron deposits ( Fig. 1 A-E) . Maintenance of BSCB integrity significantly delayed onset of motor impairment [by 20 and 23 d compared with saline ( Fig. 2 E and F) and warfarin treatment ( Fig. 2 G and H) , respectively] in SOD1 G93A mice with both spontaneous and accelerated microvascular lesions. 5A-APC prevented early motor-neuron degenerative changes in SOD1 G93A mice involving spontaneous and accelerated BSCB breakdown, as shown by normalization of neuritic density and elimination of ubiquitin-positive deposits from motor neurons (Fig. 3 C and F) , and normalized the reduced number of ChAT-positive motor neurons in warfarin-treated SOD1 G93A mice (Fig. 3B) . Its beneficial effects were associated with early reduction in oxidant stress as shown by reduced levels of oxidized protein carbonyls in the spinal cord (Fig. 4A) , reduction in SOD1 oxidative damage as shown by diminished levels of higher molecular weight insoluble toxic SOD1 oxidized species (Fig. 4C) , and reduced oxidant motorneuron injury as shown by diminished number of ChAT-positive motor neurons that were positive for 3-nitrotyrosine, an oxidative stress cellular marker (Fig. 4 F and G) .
At presymptomatic ages, SOD1 G93A mice develop diminished levels of spinal-cord capillary tight junction proteins including ZO1, occluding, and claudin-5 (9) (Fig. S7 A-C) , which provides a molecular basis for early BSCB breakdown. 5A-APC treatment beginning at postnatal day 35 normalized spinal-cord capillary levels of ZO-1, occluding, and claudin-5 in SOD1 G93A mice with either spontaneous or warfarin-accelerated lesions (Fig. S7 A-C) , consistent with its effect on preventing early BSCB breakdown ( Fig. 1 A-E and G) . Warfarin treatment did not affect tight junction protein expression (Fig. S7 A-C) . In saline-treated and warfarin-treated SOD1 G93A mice, a presymptomatic increase in hemosiderin deposits (Fig. S7D) did not result in a detectable increase in microglial and astrocytic responses (Fig. S7 E-G) , confirming that early BSCB disruption precedes a detectable inflammatory response in SOD1 G93A mice (9). In our prior work, we reported that APC treatment beginning 1 wk after motor-neuron impairment influenced multiple components of late-stage disease in SOD1 G93A mice, including suppression of SOD1 in motor neurons and microglia by ∼40-50% (11). In contrast, early 5A-APC treatment had no effect on mutant SOD1 protein or mRNA expression in spinal cord and/or motor neurons of SOD1 G93A mice, as revealed by analysis of spinalcord lysates from 5A-APC-treated SOD1 G93A mice with spontaneous or warfarin-accelerated microvascular lesions (Fig. S7 H and I) and enriched motor-neuron cell populations from 5A-APC and warfarin-treated SOD1 G93A mice (Fig. S7 J and K) . Thus, SOD1 down-regulation in motor neurons cannot be the primary contributor to APC's therapeutic effects seen during early disease. Rather, the effects of APC on gene expression profiles of different cell types under stress show a remarkable complexity in the diverse effects mediated by APC (37) . Importantly, BSCB protection is the sole beneficial effect of APC treatment seen during early disease stage in SOD1 G93A mice. When 5A-APC was given before early disease (and before a detectable microglia response), the strong anti-inflammatory effect previously reported for 5A-APC therapy, including inhibition of SOD1 expression in microglia (11) Fig.  S8 A and B) and warfarin treatment (Fig. S9 A and B) , respectively] and extended disease progression phase [by 20 d (79%) and 23 d (88%) compared with saline ( Fig. S8C) and warfarin treatment (Fig. S9C) , respectively] in SOD1 G93A mice with both spontaneous and accelerated microvascular lesions. These data demonstrate that early presymptomatic treatment with 5A-APC of SOD1 G93A mice with either spontaneous or warfarin-accelerated microvascular lesions has greater beneficial effects on lifespan than the previously reported 28 d (25%) extension of lifespan obtained with postsymptomatic treatment of SOD1 G93A mice with 5A-APC beginning 1 wk after phenotypic disease onset (determined by weight loss) (11) . Greater overall beneficial effects of an early treatment of SOD1 G93A mice with 5A-APC compared with late postsymptomatic treatment (11) are likely attributable to repair and/or maintenance of BSCB integrity, thereby preventing entry and accumulation of neurotoxic bloodderived products within the spinal cord during an initial disease phase (Fig. 1 A-G) .
Iron Chelation Mitigates Early Motor-Neuron Injury. Iron chelation has been reported to protect cultured motor neurons from hemoglobin-induced injury (26) and to extend lifespan (without changes in blood vessels and/or BSCB integrity to blood-derived iron) when applied at a relatively late disease stage in SOD1 G37R mice that have already induced higher levels of expression of iron homeostasis proteins in neurons and astrocytes (38) . To determine whether eliminating the BSCB-derived injurious stimuli can similarly delay early onset of motor-neuronal injury, we used treatment with deferoxamine (DFX) beginning at an early point postnatally (day 35) to chelate blood-derived iron in SOD1 G93A mice that develop spontaneous and warfarin-accelerated vascular lesions. DFX treatment did not alter BSCB permeability to IgG, hemoglobin, or hemosiderin in SOD1 G93A mice ( Fig. 1 B-D) , but significantly reduced early free iron accumulation ( Fig. 1E and Fig. S10A ), accompanied by delayed onset [by 11 and 18 d compared with saline ( Fig. 2 E and F) and warfarin treatment (Fig. 2 G and H) , respectively] of motor impairment in SOD1 G93A mice with spontaneous and accelerated microvascular lesions. DFX delayed early motor-neuron degenerative changes (Fig. 3 C and F) and loss of ChAT-positive motor neurons in warfarin-treated SOD1 G93A mice (Fig. 3B) , and reduced oxidant stress, SOD1 oxidative changes, and oxidant motor-neuron injury (Fig. 4 A, D, and G) . Early motor-neuron dysfunction in the SOD1 G93A mice occurred in the absence of changes in the expression of iron homeostasis proteins in the spinal cord (including the divalent-metal transporter 1, transferrin-receptor 1, iron exporter ferroportin, two feroxidases, and ferritin heavy and light chains) (Fig. S10B) . Iron chelation also extended lifespan [by 13 d (10%) and 20 d (18%) compared with saline ( Fig. S8 A and B) and warfarin treatment (Fig. S9 A and  B) , respectively] but did not affect significantly disease progression compared with saline (Fig. S8C ) and warfarin treatment (Fig. S9C) , respectively, in SOD1 G93A mice with both spontaneous and accelerated microvascular lesions.
These DFX iron chelator data offer strong support for a model in which an early presymptomatic accumulation of iron in the spinal cord of SOD1 G93A mice with spontaneous and accelerated microvascular lesions (Fig. 1E and Fig. S10A ) reflects increased influx of blood-derived iron across a disrupted BSCB, as indicated by extravasation of blood's erythrocytes (Fig. 1G ) resulting in deposition of iron-containing proteins hemoglobin and hemosiderin ( Fig. 1 C and D) and release of free iron (20) . Compared with APC therapy, the beneficial effects of DFX on lifespan were more modest, as would be anticipated by the inability of chelation to inhibit influx of other potentially neurotoxic blood-derived products that do not depend on iron neurotoxicity, including thrombin and fibrin (14, 15) , each of which can freely diffuse across a disrupted BSCB. Moreover, iron chelation by DFX does not provide direct anti-inflammatory and direct motor-neuronal protective effects that have been shown to contribute to 5A-APC's beneficial effects during late disease stage (11) .
Antioxidant Treatment Mitigates Early Motor-Neuron Injury. Finally, we tested whether glutathione monoethyl ester (GSHE), an antioxidant that in its reduced form has been shown to counteract oxidative damage in rodents with spinal-cord injury (39) , could delay disease onset in SOD1 G93A mice. GSH is quantitatively the most important endogenous recycled antioxidant. Reduced GSH levels accelerate neurological deficits in SOD1 G93A mice (40) . GSHE is cell-permeable and is transported across the BSCB (in contrast to GSH, which is poorly transported into cells). GSHE did not alter the BSCB integrity or iron accumulation in SOD1 G93A mice ( Fig. 1 B-E), but onset of motor symptoms in mice with either spontaneous or accelerated microvascular lesions was delayed by 10 and 15 d, respectively, compared with saline ( Fig. 2 E and F) or when administered along with warfarin ( Fig. 2 G and H) . GSHE also delayed early motor-neuron degenerative changes in SOD1 G93A mice with both spontaneous and accelerated microvascular lesions (Fig. 3 C-F) and prevented early loss of ChAT-positive motor neurons in warfarin-treated SOD1 G93A mice (Fig. 3B ). As expected, GSHE reduced early oxidant stress (measured by oxidized protein carbonyl content), SOD1 oxidative changes, and early oxidant motor-neuron injury (Fig. 4 A, E, and G) .
Presymptomatic GSHE treatment modestly increased lifespan [by 10 d (10%) and 14 d (13%) compared with saline ( Fig. S8 A and B) and warfarin treatment (Fig. S9 A and B) , respectively] but, similar to DFX, did not affect disease progression phase compared with either saline (Fig. S8C ) or warfarin treatment (Fig. S9C) , respectively, in SOD1 G93A mice with spontaneous and/or accelerated microvascular lesions. GSHE effects on lifespan were proportional to the magnitude of its beneficial effects on delaying disease onset compared with saline ( Fig. 2 D and E) and warfarin (Fig. 2 F and G) , respectively. Like iron chelation, the overall benefits of GSHE treatment were less pronounced than seen with 5A-APC, possibly related to a lack of significant GSHE effect on BSCB integrity, as well as lack of direct anti-inflammatory and neuroprotective effects on cells that have been shown to play an important role in 5A-APC effects on lifespan (11).
Conclusions and Future Directions. Studies in mice have demonstrated that direct SOD1 damage within motor neurons is a central component of driving disease initiation but not disease progression (21, 25, 41) whereas progression is predominantly determined by responses within microglia and astrocytes (21) (22) (23) (24) (25) (26) . Here, we have focused on events occurring in the early disease phase. Early oxidative damage has been repeatedly reported in mutant SOD1 mice, including mRNA oxidation (42) . Our efforts now provide a molecular mechanism for such damage and link intraneuronal damage to initial disease. We have found that early BSCB breakdown (spontaneous and/or accelerated) directly contributes to early motor-neuron injury in SOD1 G93A mice and that restoring the BSCB integrity and/or eliminating the BSCB-derived sources of neuronal injury delay initial motorneuron degeneration (Fig. 5) . Our findings in ALS mice raise questions as to whether similar BSCB disruption in patients with familial and/or sporadic ALS contributes to early motor-neuron degeneration in humans. Future studies using models with a chronic BBB/BSCB disruption independent of human SOD1 transgene expression, such as pericyte-deficient mice (13, 14) , are now needed to explore whether early motor-neuron degeneration can be initiated by BSCB disruption in the absence of SOD1 motor-neuronal damage.
Materials and Methods
Reagents. Warfarin sodium, DFX, and GSHE were obtained from SigmaAldrich. Recombinant mouse 5A-APC (RR230/231AA and KKK192-194AAA) variant was purified as described (37) .
Animals. Male SOD1
G93A mice were purchased from The Jackson Laboratory.
Mice were treated with daily i.p. injections of saline, warfarin sodium (0.3, 0.4, or 0.6 mg/kg), 5A-APC (100 μg/kg), DFX (100 mg/kg), and/or GSHE (50 mg/kg), beginning at postnatal day 35. Disease onset was determined by rotarod analysis. All procedures were approved by the Institutional Animal Care and Use Committee at the University of Rochester and the University of Southern California. See SI Materials and Methods for details regarding rotarod analysis, definition of clinical death, tissue preparation, and blood sample collection for INR measurements. Mice were randomly assigned to treatment groups, and analyses were performed in a blinded fashion.
In Vitro Analyses. Primary neuronal cultures, primary mouse endothelial cells, and enriched motor-neuron cell preparations from SOD1 G93A mice were established as previously described. See SI Materials and Methods for details and references.
Brightfield Microscopy. Prussian blue staining and quantification of hemosiderin deposits were performed as described (9, 14) .
Confocal Microscopy. Tissue sections were imaged with a custom-built Zeiss 510 Meta confocal laser scanning microscope with a Zeiss Apochromat 25×/ 0.8 NA water immersion objective (Carl Zeiss Microimaging). See SI Materials and Methods for details regarding immunofluorescent and fluorescent staining (Table S2) , description of all antibodies used to detect endothelial cells (lectin and collagen IV), neurons (SMI-311, SMI-32, ChAT, and NeuN) and other antigens (e.g., 3-nitrotyrosine and ubiquitin), lasers and band-pass filters, regions analyzed, IgG accumulation, motor-neuron counts, neuritic density, ubiquitin accumulation, 3-nitortyrosine, and quantifications methods.
Immunoblotting. Formation of detergent-soluble and insoluble SOD1 aggregation was analyzed as described (43) . Tight junction proteins were analyzed as described (9 Biochemical Analyses. Free, chelatable iron levels and hemoglobin were quantified as described (44, 45) . See SI Materials and Methods for details on protein carbonyl and sphingolipid measurements and RNA extraction and quantitative real-time PCR. For detailed description of primer sets, see Table S1 .
Statistical Analysis. Log-rank tests with Bonferroni corrections for multiple comparisons were used to analyze treatment effect on symptom onset, survival, and lifespan. Correlations were determined using Pearson's correlation analysis. Multifactorial analysis of variance, followed by Tukey post hoc tests, was used to compare treatment and genotype effects between groups. A P value < 0.05 was considered statistically significant for all studies.
